Asphalt pavements subject to solar radiation can reach high temperatures causing not only environmental problems such as the heat island effect on cities but also structural damage due to rutting or hardening as a result of thermal cycles. Asphalt solar collectors are doubly effective active systems: as they solve the previously mentioned problems and, moreover, they can harness energy to be used in different applications. The main findings of the existing research on asphalt solar collectors are gathered together in this review paper. Firstly, the main heat transfer mechanisms involved in the solar energy collection process are identified and the most important parameters and variables are presented.
Introduction
Asphalt pavement surface temperature can reach up to 70ºC in summer inducing a rise in temperature of the air above, which is generally known as the heat island effect. It causes an increase in power consumption due to the use of air conditioning and a P O S T -P R I N T decrease in air quality in cities. Moreover, pavements under such high temperatures are prone to suffer from rutting. In particular, the thermal oxidation rate doubles with each 10 K increment in temperature [1] .
Asphalt solar collectors consist of pipes embedded in the pavement with a circulating fluid inside. Solar radiation causes an increase in pavement temperature. Due to the temperature gradient between the fluid circulating through pipes and the pavement, a heat transfer process occurs from pavement to fluid which leads to a drop in pavement temperature and an increase in fluid temperature. This drop in asphalt temperature contributes to mitigate the heat island effect and reduce the risk of permanent deformations. However, what makes asphalt solar collectors really interesting is their ability to use the temperature rise undergone by the circulating fluid to harness energy.
Asphalt solar collectors are usually coupled with low temperature geothermal heat pumps, obtaining reasonable efficiency and operating costs. Energy obtained from asphalt solar collectors is generally used for snow-melting systems or to maintain thermal comfort of adjacent buildings. There are also concrete solar collectors, but because of the black color, asphalt´s solar absorption coefficient is higher than concrete [2] . As a consequence, asphalt solar collectors perform better than the concrete ones.
The first reference to an asphalt solar collector dates from 1979 and is a patent entitled "Paving and solar energy system and method" [3] . One of the pioneer applications of an asphalt solar collector as a snow-melting system is the Swiss system SERSO. It consisted of pipes embebed in a bridge deck. The system is capable of storing 20% of the energy irradiated over the bridge in summer. The GAIA system similar to SERSO, installed in 1995 in Ninohe, Japan, was the first to operate automatically [4, 5] . There are several studies on the use of asphalt solar collectors as snow-melting systems [6, 7, 8, 9, 10, 11] . On the market, there are companies that commercialize these systems, such as collector called Roadway Power System that combined with a turbine system produces electrical energy [15] .
P O S T -P R I N T 2 Energy balance in asphalt solar collectors
An asphalt solar collector, where the energy is balanced, is formed by three different material media: two solids, the asphalt pavement and the pipes, and two fluids, the air of the atmosphere and the fluid flowing through pipes.
There are three mechanisms of heat exchange in an asphalt solar collector:
exchange by conduction, convection and radiation.The energy is balanced first along the pavement-atmosphere interface. The heat flux through this interface is caused by solar radiation, convection and thermal radiation. This heat flux causes a temperature difference between the asphalt surface and a point located in the pavement at a certain depth, leading to a conduction process from the pavement surface to the interior. At the depth where the pipes are embebed, this heat transfer by conduction continues through the interface pavement-pipe and through the pipe wall. A convection process occurs due to the temperature difference between the interior surface of the pipe and the fluid, causing an increase in fluid temperature.
Conduction
Conduction is the process by which heat is exchanged from one point to another throughout a body due to the temperature gradient between two points. In the asphalt solar collector, heat transfer occurs from the pavement surface to the interior according to Fourier´s Law:
Where
) is the heat transfer rate in n direction by unit of surface
) and n T  is the temperature gradient in n direction (K m -1 ).
Convection
Convection is a heat transfer process by which heat is transferred between a moving fluid and a solid surface in contact with the fluid. Two different convection processes occur in an asphalt solar collector, one between the asphalt surface and the air above it, and the other between the circulating fluid and the pipe walls. The convection can be forced or natural, depending on the causes that induce the fluid movement and the flow can be laminar or turbulent depending on flow movement conditions. The Reynolds [16] . Flow must be turbulent to achieve the maximum heat transfer rate at pipes. Collectors can be designed with pipe diameter and flow rate that ensure turbulent flow inside pipes. In the case of convection between air and pavement surface, the best case scenario is the natural convection to reduce heat losses, but this condition depends on the atmospheric conditions, particularly on wind velocity.
The heat flow by convection is expressed as: ) and
L the characteristic length (m). The Nusselt number
Nu is determined using the different empirical correlations depending on the type of convection and the flow regime.
Collector-atmosphere
As stated before the convection between collector and atmosphere can be forced or natural. It is natural when there is no wind and the convection is only due to a temperature gradient between asphalt surface and atmosphere. On the contrary, forced convection is caused by wind that creates an air flow over the asphalt surface. (8) To use the previous correlation the following conditions must be satisfied: for both natural and forced convection and choosing the highest value to evaluate convection heat flow [17] .
Some research uses the previous correlations to calculate the convection coefficient between the asphalt pavement and air [18, 19] , but others [20, 21, 22, 23] 
Pipes-heat exchange fluid
The turbulent flow convection coefficient in pipes is calculated using the Dittus- Dittus-Boelter equation can be used for small temperature differences, as is the case of the asphalt solar collector, and the following conditions must also be fullfilled:
Radiation
Radiation is a way of transferring energy via electromagnetic waves which do not require the presence of any material medium. When an electromagnetic wave reaches a solid or liquid surface, the incident wave can be reflected (  ), absorbed ( ) or transmitted ( ), producing a balance of the incident radiation. As asphalt is an opaque
), all the incident radiation is reflected and absorbed:
Solar radiation
Part of the radiation coming from the sun is absorbed by the atmosphere before reaching the Earth's surface: as a consequence, only a percentage of solar radiation reaches the asphalt surface. This radiation is called incident radiation. As asphalt is not a perfect black body, part of the incident radiation is reflected, so the solar radiation absorbed by the asphalt surface is calculated from: ) and s  is the absorptivity of the material to solar radiation.
Thermal radiation
The thermal radiation is the type of electromagnetic radiation emitted by bodies because their temperature is above absolute zero (-273 ºC). The emissivity  is the ratio between the radiation emitted by a body at a certain temperature and the radiation emitted by a black body at the same temperature. The thermal radiation emitted by an asphalt surface is calculated according to Stefan-Boltzmann Law [21, 25] Different approaches are used to determine sky T : some consider that it is 6 K lower than the dry bulb air temperature [24] . Although air sky T T  , some research assumes that they are equal [20, 21, 26, 27] . The Bliss equation is a correlation widely used to calculate sky T as a function of the air temperature air T and the dew point temperature dp T [18, 19] :
According to Hall et al. (2012) , the Bliss equation gives the best approximation to the experimentally measured results [24] .
Since the radiation from the atmosphere is concentrated about the same spectral region as the surface emission, it can be assumed that [16] . With this simplification, the net heat flow due to longwave radiation is:
When balancing energy some authors use a coefficient called the combined coefficient of heat transfer that takes into account the effects of convection and longwave radiation [28, 29] . In addition to the conduction, convection and radiation discussed so far, there is a latent and sensible heat flow caused by rainfall not considered in most studies based on energy balance on an asphalt surface [17] .
Evaluation of the existing research
In this section, the existing studies carried out so far on asphalt solar collectors are analyzed. Firstly, a compilation of the different studies of asphalt thermal behavior found in the literature is presented as an introduction. Afterwards, the methodology used to P O S T -P R I N T study asphalt solar collectors is reviewed. Finally, the influence of some variables involved in the thermal energy collection process is analyzed.
Introduction to asphalt's thermal behaviour
It is necessary to know the temperature distribution of an asphalt pavement subject to solar radiation before studying the asphalt collector behaviour itself. Several authors have developed methods for predicting asphalt temperatures because they significantly affect pavements: high temperatures can cause plastic deformations while lower temperatures can lead to damage by hardening. An account of the studies carried out so far to determine pavement temperature in different regions is provided in section 3.1.1. In almost all asphalt temperature prediction models, asphalt thermal properties are required as inputs, so in section 3.1.2 some existing methods to determine thermal conductivity, heat capacity and thermal diffusivity of asphalt materials are described briefly. Finally, some conclusions of sensitivity studies found in the literature, which analyze the influence of asphalt properties on pavement temperature, are mentioned in section 3.1.3.
Methods for temperature prediction
Barber (1957) was among the first to develop a model to calculate the maximum pavement temperature by applying a thermal diffusion model to a semi-infinite medium [20, 21] . A series of studies to predict the temperatures of asphalt pavements were [18, 24, 37] . It collected data from nearby weather stations and road sections fitted with sensors [17] .
One of the studies on the asphalt pavement temperature prediction most often cited was conducted by Solaimanian and Kennedy (1993) in which a method based on P O S T -P R I N T energy balance on the pavement surface was developed as a tool for SHRP. It is used to quickly and easily calculate the maximum pavement temperature and so to determine the dosage of asphalt mix [20] .
Based on the work of Solaimanian and Kennedy (1993), Hermansson (2000) developed a numerical simulation model to calculate the asphalt temperature at different depths during the summer [35] . In 2004 he expanded his model to be able to predict the asphalt temperature in both summer and winter [21] . be as good as other complex commercial software using finite elements in 2D or 3D [21, 22, 24, 35, 36] .
The data obtained from the LTPP were used as a basis to validate many of the models mentioned previously [18, 21, 24, 36] . Others have been validated with instrumented sections in other countries such as Portugal [22] and Sweden [21] .
Methods for determining asphalt's thermal properties
The usual test to determine the thermal conductivity of different materials is established by the ASTM C177 employing a one-dimensional method that calculates conductivity from the steady state. A disadvantage of steady-state methods is that they require flat plates with a thickness-to-length ratio lower than 1:3, which considerably limits the maximum aggregate size of the samples. Besides, obtaining samples from roads with these dimensions deteriorates the pavement structure. Another drawback is the time required to reach the steady state and the accuracy with which the applied heat flow has to be P O S T -P R 
Sensitivity analysis of asphalt temperature
Several sensitivity studies have been carried out to determine the influence of the variation of different parameters in asphalt temperature [18, 19, 36, 42] . Some of the conclusions obtained in these studies concerning thermal conductivity, specific heat, albedo and emissivity/absorptivity are cited below.
4.1.3.1 Thermal conductivity. The mean maximum daily temperature and the minimum nightly temperature increase as thermal conductivity rises [19] . Surface temperature decreases with increasing thermal conductivity while temperature rises as depth increases [20, 28, 42] . Temperature is more sensitive to thermal conductivity variations as depth increases [21, 42] .
Specific heat. Temperature variations decrease as asphalt specific heat increases
due to the greater heat storage capacity of the pavement [18, 19] . This decrease is more noticeable as depth increases because, on the surface, there is no effective heat storage volume. Asphalt pavements with higher specific heat take more time to reach maximal temperatures than pavements with lower capacities [18] .
4.1.3.3
Albedo. This is the reflectivity of an asphalt surface  .The albedo rise causes both daily and nightly temperature decrease. The temperature drop during the night is due P O S T -P R I N T to the lower energy absorbed during the day [19] . Hermansson (2004) observed that the albedo of an asphalt surface is greater in winter than in summer because, during winter, the asphalt surface may be covered by ice or snow so the asphalt color is lighter causing an increase in the percentage of reflected radiation. Changes from 0.2 in summer to 0.3 or 0.35 in winter were observed [21] . This is confirmed by the earth´s surface albedo measured by satellite remote sensing techniques [36] .
4.1.3.4 Emisivity/Absorptivity: Small variations in emissivity and absorptivity cause major changes in temperature profile [42] : increasing the emissivity leads to maximal and minimal temperature decrease [19] while increasing the absorptivity makes the surface temperature drop [20] . However, Han et al. (2011) noted that if the algebraic difference between the values of emissivity and absorptivity is constant there are no major changes in pavement temperatures [36] . There is no seasonal variation of absorptivity, unlike what is reported for the albedo [36] . It should be noted that the absorptivity of an asphalt material decreases with time because the dark surfaces subject to solar radiation and atmospheric agents become lighter and reflect more incident solar radiation [1, 24, 43] .
Moreover, dirt also helps in reducing the absorptivity values from 0.9, a typical coefficient of asphalt surfaces, to values of 0.8 [30] .
Study methodology of asphalt solar collectors
Study methods found in the literature to analyze the behavior of an asphalt solar collector are based on experimental tests or theoretical studies by means of numerical modeling and simulation.
Experimental studies
Experimental studies can be divided into small-scale laboratory tests, small-scale tests under real atmospheric conditions and large-scale tests in asphalt collectors already installed. The last two types of tests provide greater insight into system behavior, because not only the elements that influence the energy harvesting process are considered but also their variation in real conditions, which would be impossible to incorporate during laboratory tests.
Three types of geometries have been used for the experimental tests found in the literature: small cylindrical samples, square slabs and rectangular slabs. Regarding pipe arrangement, it is performed mainly with straight pipes or pipes in a serpentine shape. In P O S T -P R I N T Table 1 the experimental studies are classified according to the type of test, geometry of the sample and pipe arrangement.
The types of experimental studies that provide greatest understanding of the behavior of the collector are the IASC and the SSRC, because they are subject to real conditions and the geometry is of considerable size, which facilitates the study of heterogeneous materials such as asphalt. On the contrary, when very small specimens are used, their behavior may be affected by some peculiarity of the materials. In addition,
it is sometimes difficult to extrapolate the behavior of a reduced scale sample because some variables may not be significant on a small scale but they may be relevant in the real scale solar collector or vice versa. For all the previous reasons, it is necessary to deepen the study of solar collectors by means of IASC or SSRC tests, since the number of them found in the literature is limited.
Theoretical approaches: numerical modeling and simulation
The theoretical study of the asphalt solar collector is generally carried out using the finite element method (FEM) [23, 28, 29, 31, 34] unlike the thermal study of pavements for which the finite difference method is frequently used (FDM) [8, 19, 20, 21, 24, 35, 36] . One of the most widely used commercial software tools for thermal analysis by finite element is ANSYS [22, 28, 29, 34] but there are others such as FEMMASSE [31] or COMSOL [26] . It is important to initially calibrate numerical models with experimental studies and later validate results to verify that the model assumptions and simplifications can be made without major deviations from the results obtained experimentally.
Variables involved in thermal energy collection
In this section, some findings obtained in studies cited in section 3.2 related to materials, geometric parameters and operating conditions of the asphalt solar collector are compiled.
Materials
The influence of using different kinds of materials in the asphalt solar collector is analyzed in the following paragraphs. [27, 33] . Mallick et al. (2008) added copper powders trying to increase the conductivity to a greater extent. However, the results were not satisfactory. This might be due to the copper-bitumen interaction during the samples' fabrication process [32] .
A steeper temperature gradient occurs in pavement layers with higher thermal conductivity. Moreover, the surface temperature decreases while the temperature with depth increases indicating that the heat transfer process is accelerated by increasing thermal conductivity [10, 28, 29, 33, 44] . ) [48] and copper. The highest temperature increase between inlet and outlet was achieved with copper pipes followed by that of radiant PEX-AL with a difference of only 3°C, which provides an opportunity to use cheaper materials than copper [27] . At the same time, the structural behavior of the asphalt solar collector must be taken into account when selecting a pipe material [28] . the thermal emission rate is still high [32] .
Geometrical and working parameters
In the following paragraphs the influence of some geometrical and working parameters, such as pipe diameter, pipe spacing, pipe depth, pipe arrangement and flow rate, on asphalt solar collector performance is analyzed. 3.3.2.2 Pipe spacing. In general, as pipe density per area of solar collector increases the heat collection capacity rises [28, 31] and the outlet fluid temperature decreases [31] .
However, if pipe spacing lower than the minimal spacing which ensures no cool zones formation between pipes were used the collector efficiency would decrease drastically.
This minimal spacing depends on pipe diameter and flow rate [23] . Economic criteria must also be considered when selecting a tube spacing [31] .
Pipe depth.
A thermal gradient with depth occurs in any asphalt surface subject to solar radiation. Due to convection between asphalt and the environment, the maximum temperature of the asphalt surface is located at a certain depth (20 mm deep according to LTPP) which is optimal for placing the pipes [26] . The pavement temperature distribution becomes more homogenous as pipe depth increases but the amount of energy that the system is able to harness decreases [30, 31] . A more uniform temperature distribution can be achieved at lower depths by decreasing pipe spacing [31] .  Surface temperature decreases as flow rate increases [10] .
 The increase in flow rate has no noticeable influence on temperature profile with depth [10] .
 Increasing flow rate, for the same pipe diameter, causes an increase in fluid velocity which leads to an increase in the heat transfer coefficient and the amount of energy that can be harnessed [10, 57] .
 As flow rate increases, the temperature increment of the water circulating through the asphalt solar collector decreases [10, 33, 32, 57, 31] and a longer pipe will be required for the fluid to reach the temperature of pavement at a certain depth [23] .
 As flow rate increases, the time required for the solar collector to reach steady state conditions decreases. This time is not influenced by the inlet water temperature [10] .
P O S T -P R I N T 4 Critical review of asphalt solar collectors technology
The aim of this section is to study the feasibility of the implementation of asphalt solar collectors and make a comparasion with other technologies used for solar energy harvesting.
The good performance of asphalt solar collectors has been demonstrated with real systems installed in different places all around the world with different climatic conditions:
Switzerland (SERSO system [4] ), Japan (GAIA system [5] [11] or United States [23] .
Compared with concrete pavement solar collectors, asphalt performs better because in spite of having a lower thermal conductivity and heat storage capacity than concrete pavements, asphalt surfaces are able to capture more solar energy because their solar absorption coefficient is higher than the coefficient of concrete pavements due to the black color of asphalt mixtures [2, 4] . One drawback of using asphalt instead of concrete is that during the construction process the high temperature of the hot mix asphalt can cause damage to the pipe system [4] .
An issue that has to be considered in the construction of both, asphalt and concrete solar collectors, is the structural response of the system. It is clear that this kind of solar collectors can not be constructed in roads subjected to high traffic intensities or high traffic loads, because the pipe system could be damaged due to a stress concentration. Different studies concerning structural response of pavement solar collectors are found in the literature [31, 58] .
An advantage of asphalt solar collectors is that they can be installed not only during the construction of new infraestructures but also during the maintenance works, for example, roads are subjected to periodically rebuilt works, a moment when the solar collector system can be installed. 
Conclusions
Research projects carried out and solar collectors already installed confirm the system's ability to reduce the temperature of the asphalt pavement and capture the thermal energy for different purposes: snow-melting systems, air conditioning of buildings or even electric energy production; proving that asphalt solar collector systems are able to harness clean and renewable energy from the sun.
As a summary of all the issues discussed in section 3 the following findings can be drawn:
 Asphalt temperature is very sensitive to the variation of the absorptivity.
P O S T -P R I N T
 The variation of asphalt thermal conductivity affects the temperature with increasing depth, without producing noticiable changes in surface temperature.
 Copper is the material used in the pipe network which achieves greatest efficiency of the system.
 Both the spacing between pipes and the depth where they are located strongly influence the temperature distribution in the collector. To achieve the maximum efficiency, the flow regime inside the pipes must be turbulent, so pipe diameter and flow rate must be carefully chosen to achieve turbulent flow conditions.
 The optimal pipe arrangement from the thermal point of view is the serpentine arrangement.
 The collector efficiency depends strongly on flow rate: as flow rate increases, heat transfer between the fluid and the pipe increases, but the temperature increment undergone by the fluid decreases. 
